In this article we present 1/f noise spectroscopy measurements relating to charge transport networks in poly(3-hexylthiophene) (P3HT):phenyl-C 61 -butyric acid methyl ester (PCBM) space-charge limited diode (SCLD) and organic photovoltaic (OPV) devices. The P3HT:PCBM active layer was varied to give a range of compositions and heterogeneities. The noise data obtained suggest that un-annealed P3HT:PCBM OPVs are limited by poor hole transport through the mixed phase, and that annealing promotes a more heterogeneous network, resulting in efficient charge transport through an increased population of P3HT crystallites, and better OPV performance. These findings are in agreement with literature studies for similar devices using other measurement techniques, demonstrating that 1/f noise is sensitive to the nature of the charge transport network in bipolar devices. Previous data only confirmed the sensitivity of 1/f noise spectroscopy to the charge transport network in unipolar devices, hence the current data suggest the technique can be used more generally to investigate charge transport networks in bulk heterojunction organic electronic devices such as OPVs and organic light-emitting diodes.
Introduction
The interest in organic photovoltaics (OPVs) is driven by the prospect of cheap, high-throughput manufacturing, enabled by the solution-processed active layer. 1, 2 OPVs commonly utilize a bulk heterojunction (BHJ) structure, in which nanoscale mixing of electron donating and electron accepting materials facilitates efficient charge generation. 3, 4 The properties of the BHJ morphology can have a significant impact on almost all aspects of OPV operation. 5, 6 For example, photoabsorption can be affected by ordering of the polymer donor, 7, 8 while the efficiency with which photogenerated excitons dissociate is determined by the availability of donor-acceptor interfaces. 9, 10 Charges created by dissociation of the charge transfer state may undergo geminate 10, 11 or non-geminate recombination 12, 13 en route to collection at the contacts, both processes can again be strongly influenced by morphology. With the multitude of BHJ morphology-dependent processes that determine OPV performance, it can be a challenge to understand why an OPV operates in the manner it does. BHJ architectures are also used in a variety of other organic electronic devices. For example, solution-processed light-emitting diodes (OLEDs) utilise blends of conjugated polymers to tune efficiency and colour emission. [14] [15] [16] Blends of semiconducting and insulating polymers are also increasingly being investigated as a way of improving the mechanical properties and stability of organic electronic devices. 17 The relationship between BHJ morphology and device performance is therefore a common concern, and often involves a detailed investigation using a range of techniques to resolve. 18 A particular challenge is how to relate the BHJ morphology to the electrical performance, since even a thin film of a single material may display heterogeneous conduction, 19, 20 Techniques based upon atomic force microscopy (AFM) [21] [22] [23] are useful in that they allow simultaneous measurement of local optical absorption, electronic and surface morphology information. However, AFM has better spatial sensitivity at the surface of the film, 20 meaning the nature of charge conduction in the bulk is less well resolved, and furthermore requires careful measurement protocols to ensure devices do not degrade under measurement. 21 Simple techniques that probe the charge transport network in the bulk may therefore accelerate understanding of how BHJ morphology influences performance in OPVs and other BHJ devices. In this paper we investigate the use of 1/f noise spectroscopy to characterise charge transport networks in such complex BHJ morphologies. 1/f noise is the electrical power associated with random current fluctuations present during device operation. 24, 25 These fluctuations are characterized by the power spectral density, S I ( f ), which is usually of the form 1/f a and measured below f = 1 kHz.
1/f noise spectroscopy was instrumental in diagnosing issues relating to charge transport during the early development of inorganic electronic devices, [26] [27] [28] and is being used increasingly more often to characterise their organic counterparts. [29] [30] [31] [32] One reason for this is that the 1/f slope (i.e. a) provides information relating to the density of states (DoS), 27, 28 since a single trap state has a = 2 (i.e. a Lorentzian distribution) while a broader DoS has smaller values of a. In turn, the value of a can give qualitative information regarding trap-related degradation. 30, [33] [34] [35] However, of particular interest in this paper is the relationship between the percolation network, i.e. BHJ morphology, and 1/f noise. The magnitude of 1/f noise in a unipolar device scales as ( p À p C )
Àk , where p is the volume fraction of conducting material, p C is the percolation threshold, and k is the dimensionality-dependent percolation exponent of noise. 26, 29, 32 Early investigations on organic devices comprising blends of conducting and non-conducting polymers 29, 32 (i.e. unipolar devices) have shown that 1/f noise does indeed reveal detailed information about the charge transport network. In particular, Williams et al. 29 showed that it is possible to discern between homogeneous and heterogeneous charge transport networks in poly(3-hexylthiophene) (P3HT):polystyrene (PS) blends by noise measurements alone.
In this paper we extend this work to examine the 1/f noise spectra and charge transport within bipolar P3HT:phenyl-C 61 -butyric acid methyl ester (PCBM) devices, being somewhat typical of the kinds of BHJ morphologies that can be obtained in OPV devices. Furthermore, P3HT:PCBM devices are a well-characterised system and so it is possible to compare the findings of noise spectroscopy with that of other experimental techniques. We vary both composition and annealing conditions to control the heterogeneity and percolation network. We investigate how sensitive noise spectroscopy is to changes in the conduction network in BHJ films by comparing transmission electron microscopy (TEM) imaging with noise spectroscopy, solar cell characteristics of OPV devices and current-voltage ( J-V) characteristics of space-charge limited diodes (SCLDs). Our findings show that noise spectroscopy of P3HT:PCBM OPVs and SCLDs yield data that is consistent with previous investigations of charge transport even though the OPVs examined are bipolar devices. The agreement in the BHJ morphology suggested by 1/f noise spectroscopy and other measurements on this well-studied system is a key result, since this shows that 1/f noise has a broader applicability than for the exclusive study of unipolar devices. 29 In particular, we show noise spectroscopy is sensitive to heterogeneity of the charge transport networks and can detect when OPV performance may be limited by the transport of one type of charge carrier. Given the low cost of equipment and the ease of measurement, this suggests that 1/f noise can find broad use in characterising charge transport in a wide range of technologically important bipolar BHJ devices.
Experimental

Materials
Regioregular P3HT (Electronic Grade; M w = 50-70 kg mol
À1
), PCBM (99.5%) and poly (3,4-ethylenedioxythiophene) : poly(styrenesulfonate) (PEDOT:PSS) were used as supplied from Reike Metals Inc., SunaTech Inc., and Clevios respectively.
Device fabrication
OPVs and SCLDs were fabricated by first cleaning patterned ITO glass slides by sonication in acetone, propan-2-ol, Decon 90 solution (2% aqueous) and de-ionized water before subsequently being etched with O 2 plasma (100 W for 5 min). PEDOT:PSS was immediately spin-coated onto the prepared ITO surface (2500 rpm for 45 s), followed by annealing at 180 1C for 2 min. P3HT and PCBM solutions were prepared using either 1,2-dichlorobenzene (DCB) or chloroform (CF) to promote more heterogeneous (i.e. more extensive phase separation, aggregation and/or crystallisation of components) or more homogenous (i.e. less extensive phase separation, aggregation or crystallisation of components) BHJ morphologies respectively. Hereafter devices fabricated using DCB and CF are referred to as heterogeneous and homogeneous, respectively. 36 As an aside, we note that previous experimental studies using near-edge X-ray atomic fine structure (NEXAFS) on similar P3HT:PCBM devices suggest that the cathode interface is likely to be enriched with P3HT, and that different manufacture conditions may affect the surface composition. 37, 38 However, it has been shown that P3HT
is a poor electron-blocking material. 39 For these reasons we ascribe changes in noise performance between devices reported here to changes in the bulk rather than changes in the interface.
We further note that all devices reported here have the same thickness (see ESI †) in order to try and maintain the relative importance of noise contributed by the bulk and the interface. For heterogeneous and homogeneous devices, P3HT and PCBM were separately dissolved in solvent and sonicated at a temperature of 45 1C for an hour. The solutions were then mixed and diluted to yield the desired P3HT:PCBM ratios, and stirred for a further 24 h at room temperature. The wt% of solutions was varied depending on the P3HT:PCBM ratio to produce B90 nm thick films for each composition; these are reported in Table S1 (ESI †). The active layer was spin coated (1000 rpm for 60 s) onto the pre-prepared PEDOT:PSS layer. Heterogeneous active layers were additionally annealed at 120 1C for 10 min. 40 OPV devices or hole-only SCLDs were fabricated by evaporating 100 nm of Al or 50 nm of Au respectively onto the P3HT:PCBM active layer under vacuum and patterned using a mask (active area of 3.53 Â 10 À2 cm 2 ).
As an aside, note that we define Au-contact devices as holeonly diodes, and furthermore assume that hole conduction occurs primarily via the P3HT network. While we have not verified this independently, our reason for this assumption is based on the energy levels of the materials used. The workfunctions of Au and PEDOT:PSS are À5.1 eV 44 and À5.3 eV 45 respectively, while the HOMO levels of P3HT and PCBM are 5.1 eV and 6.3 eV respectively, 46 and as such the hole injection barrier into PCBM is B1 eV larger than the corresponding barrier in P3HT. Similarly, since the LUMO of P3HT and PCBM is 4.5 eV and 4.0 eV, meaning the electron injection barrier is at least B0.6 eV larger than that for holes.
All processing and measurement steps, with the exception of substrate preparation and PEDOT:PSS layer deposition, were carried out under a dry N 2 environment. The volume ratio of P3HT in the film, p P3HT is calculated from the densities of P3HT (1.10 g cm À3 ) 41, 42 and PCBM (1.50 g cm À3 ). 42, 43 In this study, we examine P3HT:PCBM blend ratios corresponding to p P3HT = 0.41, 0.51, 0.63, 0.76, and 0.85.
Transmission electron microscopy
Transmission electron microscopy (TEM) measurements were performed to examine the morphology of the active layers. 47 This was achieved by fabricating active layers in the same manner as above and immersing the sample into deionized water to float-off the P3HT:PCBM layer in order to transfer it onto a TEM grid. A JEOL 2100F FEG TEM was used for measuring TEM images under 200 kV operation mode using bright field contrast with defocus.
47,48
Noise spectroscopy
Noise spectroscopy measurements were carried out for a forward current of 1 mA. This current was chosen to ensure that the 1/f noise signal was large compared to the system background. We also note that a forward current of 1 mA is larger than would be anticipated under normal operating conditions for an OPV, however, we are using noise spectroscopy measurements to investigate the morphology of a real device, which is relevant to its normal operation, rather than probing normal operation of a real device itself. Current fluctuations were amplified using a low-noise current preamplifier (Stanford Research SR570), the output of which was sampled by a 24-bit data acquisition card (National Instruments NI-USB-4331).
Resulting data was recorded and analysed using a LabView program. All measurements were carried out under dry N 2 to minimise degradation of devices under test. Furthermore, electrical noise was minimised by biasing the devices under test using batteries, and enclosing the measurement within a grounded Faraday cage. Data presented here are representative of at least 5 devices for each blend composition. As an aside we note that it is possible that the background doping present in the current devices may vary due to solvent, and that this in turn may influence the effective shunt resistance. This in turn may affect Johnson noise, which is a white noise source. However, here we focus on the additive 1/f noise which dominates at low frequencies, and more importantly, the way in which this noise changes with p P3HT for a particular device type, and therefore particular solvent.
Solar simulator and J-V characterisation
Current-voltage ( J-V) measurements were performed in the dark and under dry N 2 using a Source Measure Unit (SMU) (Keithley 2400). For solar simulator measurements, devices were illuminated through a mask by simulated AM 1.5 light from a class ABB solar simulator (Oriel Sol1A 94061A).
Results and discussion
Morphology Fig. 1 shows typical TEM images of active layers prepared to promote a heterogeneous morphology (a, c, e, and g) and a homogeneous morphology (b, d, f and h), for different blend ratios: (a) and (b) p P3HT = 0.41; (c) and (d) p P3HT = 0.51; (e) and (f) p P3HT = 0.63; (h) and (g) p P3HT = 0.85, respectively. The point resolution (B8 nm) due to defocus makes it difficult to observe P3HT crystallization and pure P3HT domains (which appear as bright or dark regions in the TEM image 48 ) smaller than 10 nm, particularly in the B90 nm thick films examined here. However, some coarser bright and dark regions can be seen in the image of heterogeneous active layers. Structure in the active layer is more difficult to discern in the homogeneous samples as expected. We ruled out the possibility of thickness variation causing the variation in TEM contrast by performing AFM measurements, which showed the active layers to have thickness differences of less than 3 nm over similar lateral length scales to that examined in TEM (Fig. S2 , ESI †). Therefore, the contrast differences are more likely to show regions which comprise a greater proportion of crystalline P3HT regions or more aggregated PCBM regions for light and dark areas respectively. We stress that we cannot determine from the TEM images whether the morphology is 2-phase (i.e. some combination of pure P3HT and pure PCBM) or 3-phase (i.e. some combination of pure P3HT, pure PCBM and a mixed phase), or quantify the 'amount' of aggregated PCBM or crystallised P3HT within the film. That said, previous investigations indicate that the molecular weight of the P3HT used here (M w = 50-70 kg mol
À1
) would lead to some proportion of amorphous P3HT:PCBM mixed phases in both heterogeneous and homogeneous blends, 49 which would be expected to reduce contrast in TEM images. We note that these findings are in broad agreement with other investigations which show PCBM to be miscible in disordered P3HT. [49] [50] [51] [52] [53] Nonetheless, we can confirm that the heterogeneous morphologies are both better phase separated and show more complex structure than the corresponding homogeneous morphologies at the same composition.
Space-charge limited diodes: DC characterisation
We begin by considering hole-only SCLDs fabricated with heterogeneous and homogeneous morphologies with a range of compositions ( p P3HT ). Fig. 2a and b shows J-V characteristics of the hole-only P3HT:PCBM diodes under dark conditions for homogenous and heterogeneous active layers respectively.
As expected, increasing the relative volume fraction of P3HT increases the hole current for both active layers. From these data we estimated the hole mobility m h using the following eqn (1) below,
We assume the permittivity of the P3HT:PCBM active layer is e r = 3.5 for all compositions, the built-in voltage V bi = 0.2 V and L = 90 nm, taken from AFM measurements. It is important to note that eqn (1) neglects the effects of electric field and charge density, 55 as well as heterogeneity in both the density of states and hopping modes (intra-chain, inter-chain). Furthermore, we note that background charge density, and hence conductivity, can vary with (for example) solvent. 56, 57 In a real device the conductivity of a diode would be determined by these factors.
The mobility values should therefore be viewed as qualitative only. However, we nonetheless calculate the mobility since it provides a convenient indication as to how the current flow through the device varies with p P3HT as well as a basis for comparison with other devices in the literature. Fig. 3 shows the fitted mobility values for all blend compositions and morphologies. Heterogeneous diodes (which used DCB as a solvent and were thermally annealed) exhibit a hole mobility which is B3 orders of magnitude larger than the corresponding homogeneous diodes (which used CF as a solvent and were not annealed) over the composition range examined, in agreement with other investigations on similar devices. 58 It is notable that heterogeneous diodes can tolerate a lower P3HT content ( p P3HT ) without adversely affecting hole transport, with mobility only beginning to decline when p P3HT reduces below 0.5. This contrasts with homogeneous diodes where reducing the P3HT content below p P3HT = 0.75 results in a gentle reduction of hole mobility. It is challenging to measure a percolation threshold p C from the data obtained since, by definition we cannot measure current at the percolation threshold, and the conductivity of the films appears to vary non-uniformly with p P3HT . In light of this, we estimate the percolation threshold by extrapolating to the 
composition corresponding to
, which is p P3HT B 0.40 for homogenous films and p P3HT B 0.30 for heterogeneous films. This may suggest that morphologically heterogeneous films display more electrically heterogeneous conduction than the homogeneous counterparts, since the percolation threshold is lower and the rate at which conduction 'switches off' close to the percolation threshold is sharper. 32 That said, it is not possible to distinguish between a 'general' change in mobility with P3HT content (for example via increased crystallisation due to increased availability of P3HT chains or other mechanism 59 ) and an apparent change in bulk mobility due to changing number of percolation routes through the film. We further note that our main observation, namely that the conductivity of the homogeneous devices varies more gradually with p P3HT than for the heterogeneous devices, can also be seen in Fig. 2 and so is not contingent on the approximate mobility analysis used. The nature of hole conduction in the SCLD diodes was examined further using noise analysis.
Space-charge limited diodes: noise characterisation
Noise spectra are presented in Fig. 4a and b for homogeneous and heterogeneous diodes. The 1/f noise characteristics in the homogeneous diodes were found to be similar for devices where p P3HT Z 0.76, suggesting that the hole-transport network was far from the percolation threshold. However, homogeneous blends with p P3HT o 0.76 show enhanced noise, indicating that hole-transport through the P3HT network is approaching the percolation threshold. 26, 29, 32 The same is also true of the heterogeneous devices, namely that the noise spectra is insensitive to P3HT content above p P3HT = 0.76, and that below this value the noise value increases due to worsening percolation through the P3HT network, although here the increase is smaller than observed for the homogeneous diodes. We also note that the noise measured in heterogeneous diodes at high frequencies ( f 4 200 Hz) is greater than for homogeneous diodes. However, we will return to this later and first concentrate on the effect of p P3HT in both sets of devices.
It is expected that noise would scale with p P3HT in the manner ( p P3HT À p C )
Àk in this unipolar device, where k is a constant related to the geometry and dimensionality of the percolation network. 26, 29, 32 Fig. 5 plots the noise power at f = 10 Hz as a function of ( p P3HT À p C ) for homogeneous and heterogeneous SCLDs. In order to do this we have performed fits to estimate the value of p C from the noise data, which were p C = 0.37 for heterogeneous SCLDs and p C = 0.39 for homogeneous SCLDs. These values are in good agreement with those obtained from analysis of the DC measurements shown in Fig. 2 and 3 . The fitted k values were 1.03 (AE0.13 standard error) and 1.19 (AE0.22 standard error) for the heterogeneous and homogeneous SCLDs respectively. While k is an empirical measure of the percolation network, calculated values of k for idealised lattices are smaller for 2D lattices (k = 1.12) as compared to 3D lattices (k = 1.56), and higher in general when disorder is introduced. 32 The anticipated morphology in the SCLD devices examined here is almost certainly more complex than the idealised cases quoted, but nonetheless, the fitted value of k qualitatively supports the picture of the hole-transport in heterogeneous SCLDs occurs via more constrained conduits than for homogeneous SCLDs. These findings are in accordance with conducting AFM measurements on similar annealed and non-annealed P3HT: PCBM films. Returning to Fig. 4 , we note that the noise spectral power density is larger in the range f 4 200 Hz for heterogeneous SCLDs than homogeneous SCLDs with the corresponding composition. As all diodes are biased at the same current, and charge transport is hole-only, this difference is not due to shot noise. We speculate that the increased noise in the region of 200-500 Hz for heterogeneous diodes is due to an increase in the proportion of crystalline P3HT after annealing. It has been shown that HOMO energies of amorphous and crystalline P3HT chains differ by B150 meV. [61] [62] [63] [64] Hence an increase in the proportion of crystalline regions may be expected to increase the width of the density of states (DoS) experienced by charges, since charges must traverse both crystalline and amorphous P3HT regions, and so broaden the 'global average' DoS width and leads to a smaller a. 27 P3HT crystallization upon annealing or use of a high boiling point solvent is widely reported in the literature. 5 The present TEM data ( Fig. 1) places an upper bound on the size of any P3HT crystallites which may be present in our film, since we cannot observe any crystallites larger than B10 nm. However, the regions of light and dark contrast may indicate small P3HT crystallites in the heterogeneous films below the point resolution, which in turn could be the cause of the observed noise characteristics at high frequency.
Organic photovoltaic devices: DC characterisation
We now turn our attention to OPV devices, with active layers prepared as previously described for the SCLDs but with Al top contacts to allow injection and extraction of both carrier types. Fig. 6 shows J-V characteristics for typical devices. Homogeneous OPVs show inferior performance when compared to heterogeneous OPVs of similar composition, particularly in terms of short-circuit current ( J SC ) and fill-factor (FF), similar to that observed previously. 5 The peak power conversion efficiency occurs for a lower P3HT content in the case of the heterogeneous OPV ( p P3HT = 0.63) than for the homogeneous OPV ( p P3HT = 0.85). These data may indicate that the heterogeneous OPV is less limited by hole transport than the homogeneous OPV, although we will return to this discussion later.
Organic photovoltaic devices: noise characterisation
Noise measurements were performed on P3HT:PCBM OPVs using the same procedure as for SCLDs above (note these measurements were in the dark), and shown in Fig. 7 below. The key difference between these data and those for SCLDs (Fig. 4) is that bipolar charge transport and recombination is possible in these devices. Although the noise spectra reveal an increase in noise for both morphologies when the P3HT content decreases from 0.85 to 0.41, the increase in noise is more striking for the homogeneous morphology. This difference in noise magnitude is highlighted in Fig. 8 , which shows the noise power spectral density at f = 10 Hz over the range of P3HT compositions for both active layer types. It can be seen that noise power for homogeneous OPVs varies by more than an order of magnitude, while for heterogeneous OPVs, the noise varies by a factor of less than 3. Of course, in a bipolar device such as an OPV, the concept of a percolation threshold is not necessarily meaningful, since for low p P3HT it is possible for electron conduction pathways to carry the current through the device. Moreover there is the possibility of 1/f noise being introduced by trap-limited recombination. 31 Nonetheless it is interesting to note that the noise characteristics of the homogeneous SCLDs and homogeneous OPVs are empirically similar. This contrasts to heterogeneous devices, where for the same forward current, the noise of SCLD devices is more sensitive to p P3HT than the OPV device. From these data we suggest the following interpretation. Charge transport of holes within the morphologically homogeneous P3HT:PCBM films is electrically homogeneous, with the majority of hole current passing through populous P3HT:PCBM mixed phases. [49] [50] [51] [52] [53] This 'featureless' hole transport leads to a relatively high percolation threshold for holes, as evidenced by both the J-V (Fig. 2 and 3 ) and noise characteristics of SCLD devices (Fig. 4) . This in turn impacts the performance of OPV devices, with optimum compositions favouring higher P3HT content (Fig. 6 ) due to hole-limited charge transport. This is reflected in the noise characteristics for homogeneous OPVs, with the noise power showing a strong dependence on P3HT content suggesting hole-limited charge transport (Fig. 8) . This contrasts to heterogeneous P3HT:PCBM devices. The data for heterogeneous SCLD devices are consistent with electrically heterogeneous hole-transport, as evidenced by the lower percolation threshold (Fig. 2, 3 and 5) and weaker dependence of noise on P3HT content (Fig. 4 and 5) . Electrically heterogeneous hole transport in annealed P3HT:PCBM films is consistent with conducting AFM measurements on similar devices. 60 TEM images (Fig. 1 ) suggest greater phase separation, which may or may not include a population of P3HT crystallites below the B8 nm point resolution of the measurement, all of which is consistent with other investigations in which high boiling-point solvents or annealing was used. 36, 40, 52, 65 These data may indicate that hole transport in the heterogeneous films is primarily via the crystalline P3HT network rather than the residual amorphous P3HT:PCBM mixed phase. The more efficient nature of P3HT conduction is reflected in OPV devices, with peak performance occurring at a lower P3HT composition (Fig. 6 ). Noise measurements on heterogeneous OPV devices show only a very small dependence of noise power on P3HT content (Fig. 8) . This, we speculate, is because charge transport in heterogeneous OPVs is not hole limited as is the case for homogeneous OPVs. Instead, the noise characteristics of heterogeneous OPVs probe the transition from electron-dominated transport for low p P3HT and hole-dominated transport for high p P3HT . Of course we must recognise that charge transport is not the only factor determining OPV performance. In particular, the proportion of PCBM aggregates, 64, 66 polymer crystallites 67, 68 and mixed phases 49, 69 present within the film has been shown to lead to significant variations in charge generation efficiency for a variety of reasons. 70 Indeed, some OPV systems have been shown to have almost morphology independent performance. 71 Nonetheless, charge transport is intimately linked with the likelihood of non-geminate recombination, 13 which in turn has been suggested to be performance limiting for a number of OPV systems, notably the P3HT:PCBM OPVs examined here. 72 Further OPV systems continue to be investigated in which it is suggested that non-geminate recombination limits performance, 73 and that further still, percolation of a particular type of charge is critical in determining performance. 53 The current data suggest that noise analysis can be a helpful tool to examine in more detail the charge transport processes, which in turn influence device performance via non-geminate recombination.
Conclusions
1/f noise spectroscopy has been used to investigate hole-only and bipolar charge transport in P3HT:PCBM blends of varying composition and heterogeneity. Homogeneous devices were made using chloroform as a solvent, while heterogeneous devices were made using dicholorobenzene and were subsequently annealed. Analysis of noise data for hole-only SCLDs for a range of compositions suggested that hole transport occurred primarily through the amorphous P3HT:PCBM mixed phase in homogeneous films, while for heterogeneous films, hole transport occurred primarily through P3HT crystallites. Measurements on OPV devices found that optimum performance occurred for a higher P3HT content for homogeneous films than for heterogeneous films. Noise data on the same OPVs suggested that homogeneous films were limited by hole transport, while charge transport in heterogeneous OPVs was balanced, which is in agreement with both OPV device performance and noise analysis on SCLD devices. This morphological information inferred from 1/f noise measurements is in agreement with both TEM measurements on the same devices, and literature data on similar devices. In turn, this suggests that 1/f noise spectroscopy can be used to provide detailed information about charge transport networks in bipolar BHJ devices, extending the range of applicability demonstrated before only on unipolar devices. 29 1/f noise measurements could therefore be used to examine charge transport networks in a range of technologically important devices, notably OPVs and OLEDs.
